Aims. We present a reconstruction of total solar irradiance (TSI) back to 1974, i.e. from the minimum of cycle 21 to the declining phase of cycle 23. We also present a cross-calibration between the magnetograms obtained by the 512 channel magnetograph and the spectromagnetograph at Kitt Peak. Methods. The TSI reconstruction is carried out using data from the 512-channel Diode Array Magnetograph and the newer spectromagnetograph on Kitt Peak. The model is based on the assumption that all irradiance changes on time-scales of a day and longer are entirely due to the variations of the surface distribution of the solar magnetic field. The reconstructed irradiance is compared with the composite of total solar irradiance measurements from PMOD/WRC (version 41). Results. A good correspondence is found with the PMOD TSI composite, with no bias between the three cycles on time-scales longer than the solar rotation period, although the accuracy of the TSI reconstruction is somewhat lower when 512 channel magnetograph data are used. This suggests that the same driver of the irradiance variations, namely the evolution of the magnetic flux at the solar surface, is acting in cycles 21-23. Different methods of comparing the magnetograms obtained by the two Kitt Peak magnetographs give somewhat different results, with factors by which 512 channel data must be divided in the range 1.38-1.63 being found. This is due to the non-linearity of the relationship between the magnetic field measured by the two instruments.
Introduction
Models of TSI variations for cycle 23 and the declining part of cycle 22 (Krivova et al. 2003; Wenzler et al. 2004 Wenzler et al. , 2005 , which are based on the assumption that all irradiance changes are entirely due to the evolution of solar surface magnetic features and which have a single free parameter, account for more than 88% of all changes in the TSI on time scales of days up to the solar cycle. These magnetic features are extracted from high resolution full-disk magnetograms and the corresponding intensity images obtained at regular intervals. Krivova et al. (2003) used data recorded by the Michelson Doppler Imager (MDI) on the Solar and Heliospheric Observatory (SoHO; Scherrer et al. 1995) to reconstruct irradiance variations recorded by the Variability of solar IRradiance and Gravity Oscillations (VIRGO) experiment on SoHO (Fröhlich et al. 1997 ) between 1996 , whereas Wenzler et al. (2005 reconstructed TSI variations based on magnetograms and intensity images obtained by the spectromagnetograph (abbreviated as NSO-SPM; Jones et al. 1992) at the Kitt Peak Vacuum Tower (KPVT; Livingston et al. 1976a ) of the National Solar Observatory (NSO) between 1992 and 2003. The results show good agreement with the TSI composite measurements from Fröhlich (2003b) on both short (days to months) and long (solar cycle) time-scales. However, the reconstructed interval was too short to judge wether the model shows any significant trend over multiple cycles.
In this paper we extend the SATIRE (Spectral and Total Irradiance REconstruction) model back to the year 1974, i.e. to before the start of space-based TSI observations in 1978, using data recorded by the NSO/KPVT 512-channel Diode Array Magnetograph (hereinafter referred to as NSO-512; Livingston et al. 1976b) . With this extension we test whether the assumption that the main driver of the solar irradiance changes on timescales of days and longer is the magnetic field at the solar surface is valid also for cycle 21. In particular, we consider whether the TSI for all 3 cycles, 21-23, can be reproduced with a single value of the free parameter. Also, the reconstructed TSI values between 1974 and 1978 can be used to extend the TSI data set by a few years. In order to successfully reconstruct TSI using NSO-512 data, these have to be characterized, rid of any systematic errors present in them and intercalibrated with the NSO-SPM data. This forms a major part of the paper.
The paper is structured as follows. In Sect. 2 we present the data sets used. We compare magnetograms and continuum intensity images taken with the NSO-512 and the NSO-SPM at the KPVT in Sect. 3. In Sect. 4 we briefly describe the model of total solar irradiance based on NSO-SPM data and the results for cycles 22 and 23. The TSI model based on NSO-512 data and the results for cycles 21 and 22 are described in Sect. 5. Our results of the reconstruction of total solar irradiance variations in cycles 21-23 based on the combined KPVT/NSO-512 and KPVT/NSO-SPM data set are summarized and compared with the PMOD TSI composite in Sect. 6. Finally, our conclusions are presented in Sect. 7.
Data

Magnetograms and continuum images
The TSI model discussed here is based on two sets of full-disk solar observations obtained daily at the KPVT. The first data set employed here (henceforth referred to as NSO-SPM) comprises daily full-disk magnetograms and corresponding continuum intensity images recorded by the NASA/NSO spectromagnetograph (SPM) at the KPVT in the Fe i 8688 Å spectral line.
It is available from 1992 November 21 to 2003 September 21, after which the NSO-SPM was permanently turned off. The fulldisk images with 1788 × 1788 pixels were scanned in about one hour and have a field of view of 34 × 34 . The corresponding pixel size is 1.14 × 1.14 . The two images in the upper row of Fig. 1 show a magnetogram and the corresponding intensity image recorded by NSO-SPM on March 19, 1993. Earlier fulldisk images also observed with the NSO-SPM instrument exist between 1992 April 4 and 1992 November 19 but they were obtained in the Fe i 5507 Å spectral line. Unfortunately there is no overlap between the two NSO-SPM data sets and therefore an independent crosscalibration is not possible. Thus for the present analysis we use only the NSO-SPM data set observed in the Fe i 8688 Å spectral line. NSO-SPM data for 2055 days are used here. On the other 839 days on which data are available, constituting 29% of the original data record, we identified regions with artifacts or obvious loss of data quality introduced by clouds, poor seeing and/or instrumental problems (see Wenzler et al. 2004 Wenzler et al. , 2005 , for details).
The second set (henceforth referred to as NSO-512) covers daily full-disk magnetograms and corresponding continuum intensity images from the NASA/NSO 512-channel Diode Array Fig. 1 . The NSO-512 data (magnetograms and intensity images) have a noticeably lower quality than the NSO-SPM data. This is particularly marked for the NSO-512 continuum intensity images, for which only 4 bits per pixel are stored, so that an exact determination of sunspot areas is difficult and on some days even impossible (see Sect. 3.2 for details). Furthermore, the NSO-512 magnetograms exhibit many more regions with artifacts or obvious loss of data quality than the NSO-SPM magnetograms (private communication by J. W. Harvey). Using the selection procedure of Wenzler et al. (2004) we have carefully examined the NSO-512 magnetograms, the corresponding intensity images and the constructed sunspot and facluar masks (see Sect. 4) on all of the 4620 days and found such problems on 2886 days, which is 62% of the original data record. About 67% of these 2886 days are identified as problematic due to artifacts in the NSO-512 magnetograms and intensity images introduced by instrumental problems (e.g. heavily enhanced noise level or misalignment between different swaths across the Sun, blank images) and 9% by artifacts introduced by clouds and/or very poor seeing. On a further 10% of these days the magnetograms are of good quality but not the continuum intensity images, while 9% of the data were discarded due to incomplete coverage of the solar disk. On 4% and 1% of these 2886 days the spot masks and facular masks, respectively, exhibit errors, i.e. often missing spot regions and/or problems at the solar limb. These data cannot be used for irradiance reconstructions. Therefore only data for 1734 days from 1974 August 23 to 1992 April 4 are used here. The data for the 45 days from 1992 November 28 to 1993 April 10 are used for the comparison between NSO-SPM and NSO-512 data (see Sect. 3 for details).
We stress that the faulty NSO-SPM and NSO-512 magnetograms and the corresponding continuum intensity images were rejected a priori and not on the basis of the reconstruction of total solar irradiance and its agreement or disagreement with observations. We also note that there probably is instrumental noise in many of the selected magnetograms at a level too low to be accurately identified as such, but sufficiently strong to have an effect on the irradiance reconstruction.
Noise level of the magnetograms
The noise level σ mag, NSO−SPM of the NSO-SPM magnetograms has been calculated by Wenzler et al. (2004) , who applied the same method as Ortiz et al. (2002) and obtained a value of about 5 G (see Fig. 4 of Wenzler et al. 2004) . We use the same method now to determine the noise level of the NSO-512 magnetograms. In order to avoid artifacts introduced by the presence of active regions, we use six low activity magnetograms from the year 1985. In Fig. 2 we show the noise level surface averaged over all 6 magnetograms. The mean value of the surface σ mag, NSO−512 is 8.1 G, with maximum and minimum values of about 8.8 and 7.5 G, respectively. The values of the surface mean noise level for single magnetograms range from 7.5 G to 9.0 G. Jones et al. (1992) found a similar noise level, about 7 G, for the NSO-512 magnetograms taken under the best conditions. Having identified the sources of these and other discrepancies (for details see Arge et al. 2002) they developed a procedure to correct the NSO-512 data before constructing Carrington maps. Since only a limited number of magnetograms were corrected by Arge et al. (2002) , while we need here as many as possible, we took recourse to the following simplification. We plot in Fig. 3 the total (Carringtonrotation integrated) photospheric magnetic flux based on corrected NSO-512 data against the total photospheric flux based on original NSO-512 data for several Carrington rotations between 1974 June 18 and 1987 August 9 (private communication by C. N. Arge and J. W. Harvey, see also Arge et al. 2002, Fig. 1) . We found that all points lie close to a straight line with a slope and intercept of 1.242 ± 0.010 and 0.306 ± 0.289, respectively (dashed line in Fig. 3 ). The resulting correlation coefficient is r c = 0.98. This allows us to approximately generate the missing corrected values by simply multiplying all NSO-512 fluxes between 1974 and the end of 1989 by a factor of 1.242. In Fig. 4 we plot the total photospheric NSO-512 flux for each Carrington rotation between 1974 and 1987. Asterisks represent flux values based on uncorrected NSO-512 data and filled circles those based on NSO-512 data corrected by Arge et al. (2002) . The open circles are used for the flux values based on uncorrected NSO-512 data, but scaled with the factor of 1.242.
To highlight the results of the procedure described above we show in Fig. 5 the total photospheric flux integrated for each Carrington rotation between 1974 and 2002 for the NSO (circles), WSO (plus signs) and MWO (triangles) data (cf. Arge et al. 2002, Fig. 1 ). Before the end of 1989 the circles represent NSO-512 data that have either been corrected by Arge et al. (2002) or have been linearly scaled by the factor 1.242. Between 1990 and 2002 the circles denote the original NSO-512 and NSO-SPM data, whereby the official recommended factor of 1.46 for the intercalibration with NSO-SPM data (see Sect. 3) has been employed. 
Composite record of total solar irradiance measurements
Total solar irradiance reconstructions based on NSO-512 and NSO-SPM data are compared with the newest PMOD composite of TSI (version 41) from the Physikalisch-Meteorologisches Observatorium Davos/World Radiation Center (PMOD/WRC) in Switzerland (Fröhlich 2000 (Fröhlich , 2003b (Fröhlich , 2006 , which is compiled from multiple, cross-calibrated independent radiometric measurements since 1978 November 16.
Comparison of NSO-SPM and NSO-512 data
In this section we compare and intercalibrate magnetograms and continuum intensity images taken with the two instruments NSO-SPM and NSO-512. The overlap between the NSO-SPM and NSO-512 data observed in the same Fe i 8688 Å spectral line extends for about five months between November 28, 1992 and April 10, 1993. We have selected 22 NSO-SPM and NSO-512 magnetograms and the corresponding continuum images, which are of sufficiently good quality and were obtained within a relatively short time to each other (in order to avoid changes due to evolution, solar rotation, etc.). We use a similar comparison method as Jones et al. (2000) and Jones & Ceja (2001) , see Sect. 3.1, but also an alternative comparison method described in Sect. 3.3.
Histogram comparison
The official conversion factor by which NSO-SPM magnetograms need to be multiplied to make them compatible with NSO-512 data is 1.46. In order to check this, we have calculated, following the histogram comparison method of Jones et al. (2000) and Jones & Ceja (2001) , the histogram equating tables for the 22 selected NSO-512 and NSO-SPM magnetograms (see also Wenzler et al. 2004, Sect. 3 .1). Since Wenzler et al. (2004) obtained good agreement between VIRGO data and reconstructed total solar irradiance based on NSO-SPM Comparison Intercept Slope NSO-512 vs. NSO-SPM 0.201 ± 0.031 1.514 ± 0.001 NSO-512/1.63 vs. NSO-SPM 0.191 ± 0.020 1.004 ± 0.001 magnetograms without multiplying the latter by this factor, we also employ the unaltered NSO-SPM data. Rather, we divide the NSO-512 magnetograms by the intercalibration factor before employing them for irradiance reconstructions.
In Fig. 6 the NSO-512 equating tables are plotted against the NSO-SPM equating tables for the 22 individual days between November 1992 and April 1993. A linear fit to the 22 histogramequating curves has been computed. The resulting slope is 1.514 (see Table 1 ). As can be seen from Fig. 6 , there is a considerable scatter from one day to the other, so that the exact choice of dates is relevant. It is also evident that the equating curves are not exactly linear so that the linear fit tends to underestimate the factor for small magnetogram signals and overestimate it for large signals.
If we divide the magnetic signals in all the NSO-512 magnetograms between 1974 and 1992 by a factor of 1.514, the slope of a regression to the resulting histogram equating curves is not exactly unity. If instead we look for a factor between the NSO-512 and NSO-SPM magnetograms, which gives, after dividing the NSO-512 signal, a slope close to unity, we arrive at a slightly larger factor of 1.63 (see Table 1 ). This seeming inconsistency results because the conversion between the two data types is only approximately linear. In order to learn more about the difference between the two data sets, we also use an alternative comparison method (see Sect. 3.3). 
Identification of magnetic features and computation of histograms
Following the method of Wenzler et al. (2004) we now determine the facular distributions and identify the sunspot areas using the 22 selected NSO-512 and NSO-SPM magnetograms and continuum intensity images. First, we divide the NSO-512 magnetograms by the official factor 1.46. We then rebin the NSO-512 data to the same pixel size as in the NSO-SPM data, i.e. from 1 × 1 to 1.14 × 1.14 pixels. Next, the individual NSO-SPM images (magnetograms and continuum images) are rotated to the time at which the NSO-512 images were recorded, to compensate for solar rotation.
To identify sunspot umbrae and penumbrae we use continuum images. We follow Fligge et al. (2000b) and use a simple brightness threshold to distinguish between umbra, penumbra and the rest of the Sun. For NSO-SPM, the intensity images were corrected for limb-darkening effects following Neckel & Labs (1994) . The brightness thresholds of umbrae and penumbrae are 0.70 and 0.92, respectively. Note that the umbral brightness threshold is somewhat larger than in our earlier analyses (0.64; Wenzler et al. 2004 Wenzler et al. , 2005 . It provides a better agreement with published values of the ratio of umbral to total sunspot area (see Sect. 5.1 for details). The entries of the NSO-512 intensity images are integer values for each pixel ranging between 0 (outside the disk) and a maximum value m between 7 and 15. The extremely small dynamic range does not allow a useful correction of limb-darkening, since the observed limb-darkening profile in the NSO-512 intensity images has the contour of a step function, with noise introducing some irregularity (see Fig. 1 as an example). Therefore we cannot identify sunspot umbrae and penumbrae following the method of Fligge et al. (2000b) and we have had to develop an algorithm which allows us to identify the entire sunspot as follows (a separate identification of umbrae and penumbrae turned out to be too unreliable for these data). For each intensity level between the entries 1 and the maximum intensity level m we create a histogram of the intensity distribution N level (µ). The µ-values were binned linearly, Fig. 7 . Example of a sunspot group in an NSO-SPM continuum intensity image after removal of limb-darkening recorded on March 19, 1993 (upper left) . The same region in the corresponding NSO-512 continuum intensity image (lower left). Note the jump in the continuum intensity due to the Sun's limb darkening and limited dynamic range of the data close to the location of the sunspots. The upper right frame represents the spot mask obtained from the sunpot region of the NSO-SPM continuum intensity image, the lower right frame from the NSO-512 continuum intensity image. In the NSO-SPM spot mask (upper right) the umbral area is plotted white, while the penumbral area is grey. Since the NSO-512 continuum intensity images are not good enough to distinguish between umbrae and penumbrae, only entire spots are identified (white) in the NSO-512 spot mask (lower right).
with ∆µ = 0.0025, resulting in a grid with 401 bins. For each level, , the histogram has the largest population over a given µ range where the quiet-Sun brightness I(µ)/I(0) corresponds to /m (Fig. 1) . If, in addition to this ring (µ-band), pixels with brightness are found at larger µ, then these are assigned to sunspot regions. This process is repeated for all values, starting with 1 and going to m − 1 until we finally obtain the sunspot mask. As an example we show in Fig. 7 a region of the Sun with a field of view of about 190 × 190 containing a sunspot group lying close to an intensity step in the NSO-512 data. The NSO-SPM continuum intensity image after removal of limb-darkening (left) recorded on March 19, 1993 and the corresponding mask with identified umbrae and penumbrae (right) are displayed in the upper row. The original NSO-512 intensity image (left) and the corresponding mask (right) are plotted in the lower row. In this case only entire spots can be identified. For the whole spot areas both NSO-SPM and NSO-512 data yield nearly identical masks. The same applies, if we consider the spot masks of the entire solar disk (see Fig. 8 ). Note that the NSO-SPM continuum image was recorded about 3 hours earlier than the NSO-512 image, so that the sunspot regions may have evolved slightly in the interval.
We now determine the facular fields and compare their distribution. We first identify the non-sunspot points above a threshold magnetogram signal which lies significantly above noise (3-4σ). We introduce the same threshold in both data sets. After division by the factor of 1.46, the noise level of the corrected NSO-512 magnetograms, ≈5.5 G, is of the same order as the NSO-SPM noise level. For the threshold we employ:
where i and j are indices identifying the pixels, B th LOS is the lineof-sight (LOS) component of the magnetic field threshold.
A visual inspection of masks displaying only facular pixels shows that the NSO-SPM and NSO-512 data coincide well. To compare the two data sets in more detail we create histograms of the spots and facular distributions following Wenzler et al. (2004) , which will be discussed in Sect. 3.3. For spots we study histograms N s (µ), while we consider the distribution N f (µ, B) for faculae, where N is the number of pixels and B = |B LOS |/µ. The factor 1/µ in B takes into account that a magnetogram underestimates the true flux in pixels close to the limb since facular and network fields on the Sun are mainly vertical (Martínez Pillet et al. 1997; Bernasconi 1997 , cf. Solanki 1993 due to buoyancy (Schüssler 1986 ).
Comparison of the facular fields and sunspot areas
Here we compare histograms of the spot, N s (µ; t), and facular, N f (µ, B; t), distributions obtained from the NSO-SPM and NSO-512 data as described in Sect. 3.2. The spot and facular distributions are studied as a function of µ for each day individually and for the average over the selected 22 days (in which case we omit the time variable t). The facular distributions are in addition analysed as a function of the magnetic field strength B. Figure 8 shows the NSO-SPM (dashed line) and NSO-512 (solid line) histograms of the spot area vs. µ, N s (µ; t), deduced from continuum images recorded on March 19, 1993. The NSO-512 and NSO-SPM histograms agree very well with each other. This good agreement implies that firstly our algorithm is successful in identifying sunspots in NSO-512 continuum images and, secondly, for the chosen NSO-SPM thresholds not only are the average areas roughly the same, but also the location and distribution on the solar surface.
In order to test whether we identify the correct total spot area in the NSO-512 and NSO-SPM data sets, we now compare all NSO-512 and NSO-SPM total daily sunspot areas in millionths of the solar disk, A Table 2 ). The error bars are the formal errors of the regressions. The NSO-512 values are significantly (27%), the NSO-SPM values only slightly (4%) lower than the composite values. The NSO-SPM values agree very well with the observations. This means that the sunspot identification method of Fligge et al. (2000b) and the choice of the brightness threshold 0.92 (see Sect. 5.1) provide results that agree with widely used independent measurements when applied to NSO-SPM data. If we consider all days, the statistics are sufficiently good to show that the NSO-512 sunpost areas are too low. This means that the sunspot identification algorithm decribed in Sect. 3.2 misses some spot regions in the NSO-512 continuum images. We suspect that this is because smaller features, such as pores which generally exhibit a small contrast, are often not identifiable because of the low quality of the NSO-512 continuum images. In order to test this hypothesis and to be able to correct this deficit, we have identified pores using the NSO-SPM intensity images, A NSO−SPM pores (t) by searching for isolated features that are darker than the threshold for the penumbra, but not as dark as the umbral threshold. Such features are generally found to have a small size and to look like pores. Figure 10 shows the daily sunspot areas in millionths of the solar disk, A Table 2 ). Based on this result we correct all NSO-512 spot histograms in that we multiply the sunspot areas entries by the factor 1.127. This corresponds to assuming that the area covered by pores on a given day is proportional to the area covered by sunspots. This factor is smaller Table 2 . Daily sunspot areas in millionths of the solar disk based on NSO-512 data , on NSO-SPM data (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) and on an independent composite sunspot area data set . than the missing area factor 0.957/0.733 = 1.306 (see the slopes in Table 2 ) but may nevertheless be apropriate for producing the correct darkening due to sunspots and pores. This is because we assume a fixed umbra to penumbra area ratio for the NSO-512 data (since this ratio cannot be determined from the data) and use the same brightness for all dark features. In reality, however, pores are closer in brightness to sunspot penumbra than to umbrae and small sunspots are not as dark as large spots (Collados et al. 1994; cf. Solanki 2003) . The use of this "pore"-factor does not affect the results significantly, although the use of this factor increases the agreement between the modelled and measured irradiance (increase in correlation by 0.01-0.03).
The "pore" area added to the sunspot histograms is next removed from the NSO-512 facular histograms. Since we know only the µ dependence of the pore pixels (not the exact position on the solar disk), we remove the entries of the facular histograms with the highest B values in the µ bins in which the pores are located.
Next we compare in Fig. 11 the NSO-SPM and NSO-512 histograms of the facular distributions after integration over µ, N i f (B), and, alternatively, after integration over B LOS /µ , N i f (µ), after averaging over the 22 selected days, where i stands for NSO-SPM or NSO-512. The differences between the NSO-SPM and NSO-512 facular histograms are significant. At small B LOS /µ values more NSO-512 pixels show a signal, while more NSO-SPM pixels show a signal with B LOS /µ 75 G. The latter result could reflect the Zeeman saturation of the NSO-512 magnetograph at higher field strengths (e.g. Frazier & Stenflo 1972) , since fields in regions with higher filling factors tend to be somewhat stronger (Stenflo & Harvey 1985; Rüedi et al. 1992 ). The SPM does not suffer from this effect. The excess of N NSO−512 f (B) at small B may partly be due to the presence of electronic noise in these magnetograms (see Sect. 2.1), which we cannot distinguish from a real signal. When plotted vs. µ more NSO-SPM pixels lie above the threshold at small µ values, while more NSO-512 pixels lie above the threshold at µ 0.65.
To highlight the difference between the 22-day averaged NSO-SPM and NSO-512 histograms, we compute and plot in Fig. 12 the relative differences
and
cf. Eqs. (2) and (3) of Wenzler et al. (2004) . Note that the official conversion factor of 1.46 was applied before this comparison was carried out. The complex relationship between the NSO-SPM and NSO-512 magnetograms indicated by Fig. 11 and demonstrated by Fig. 12 implies that it is possible to convert NSO-SPM magnetograms into NSO-512 ones or vice versa using a constant calibration factor only very approximately. The relative difference of the number of facular NSO-512 and NSO-SPM pixels integrated over all magnetic field strengths and µ values is
i.e. there are 4.6% more facular NSO-512 pixels. However, the relative magnetic flux difference In summary, we find conversion factors ranging between 1.38 and 1.63 depending on the quantity being compared and the employed technique. This is not surprising, given the complexity of the relationship between the two data sets suggested by Fig. 12 . It is encouraging that the official conversion factor of 1.46 lies within the range found here. For the reconstruction of variations of total solar irradiance based on NSO-512 data we therefore first use the standard factor of 1.46, i.e. we divide the NSO-512 magnetograms by this constant factor (see Sect. 5 and 6.1). Then in Sect. 6.2 we vary this factor within the range 1.38-1.63 in order to find the best correlation with the measurements.
TSI reconstructions based on NSO-SPM data
Model based on NSO-SPM data
To reconstruct variations of total solar irradiance we use the same model as Fligge et al. (2000a,b) , Krivova et al. (2003) and Wenzler et al. (2004 Wenzler et al. ( , 2005 . In this SATIRE model (Spectral And Total Irradiance REconstructions, Solanki et al. 2005) we describe the solar photosphere by four components, namely quiet Sun (q), sunspot umbrae (u), sunspot penumbrae (p) and faculae (f), whose time independent intensities I(µ, λ) q,u,p,f depend on the heliocentric angle θ (µ = cos (θ)) and the wavelength λ. The intensities I(µ, λ) q,u,p,f were calculated following Unruh et al. (1999) . The variation of the reconstructed solar irradiance comes from the evolution in time of the fraction of the solar surface occupied by each component. Since the procedure for reconstructing the irradiance differs in detail for the NSO-512 and NSO-SPM data, we describe them separately.
We use daily NSO-SPM full-disk magnetograms and the corresponding continuum intensity images to find the number of pixels, N, for every µ-value occupied by each component at a given time t following Wenzler et al. (2004 Wenzler et al. ( , 2005 . The higher umbral threshold of 0.7 (see Sect. 3.2) implies an increased size of the umbra, at the cost of the penumbra. In order to maintain the contrast of sunspots as a whole we have increased the effective temperature of the penumbral model atmosphere by 50 K to T eff = 5450 K. The reconstructed TSI values are very close to those from Wenzler et al. (2005) and are obtained from the relation:
where α f (µ, B) is used to convert the magnetogram signal, B, into the corresponding filling factor using Eq. (6) from Wenzler et al. (2004) . With increasing B the magnetic filling factor and hence the contribution of the facular component to a given magnetogram pixel increases. A limiting value, B sat , is introduced beyond which the pixel is completely filled by faculae (and described purely by the facular atmosphere, for details see Fligge et al. 2000b) . B sat takes into account that magnetic features in regions with larger filling factors are less bright than their counterparts in regions with smaller magnetic filling (Solanki & Stenflo 1984; Solanki 1986 ). The value of B sat is the free parameter in our model. N tot (µ; t) gives the total number of pixels having a given µ.
Results for cycles 22 and 23
Wenzler et al. (2005) have reconstructed the total solar irradiance over the whole operational period of NSO-SPM, i.e. from near the maximum of cycle 22 to the declining phase of cycle 23. The resulting correlation coefficient between the reconstructed and measured total solar irradiance (version 30 of the PMOD composite, Fröhlich 2003b) is 0.94. In this paper we employ the newest PMOD composite record (version 41). Since the difference between the two versions is mainly restricted to cycle 21, the correlation coefficient remains unchanged (see also Table 3) . Jones et al. (2003) also used NSO-SPM data in order to reconstruct the irradiance. In contrast to us they did not use model atmospheres to describe the contributions of different solar features to irradiance variations, but rather divided the solar surface into nine different types of features and carried out a principle components analysis. Unlike Wenzler et al. (2005) and the work described in this paper they were unable to reproduce the irradiance variations described by the PMOD composite over the analysed period of time. This may have to do with the fact that they compared with an older version of the PMOD composite (version 23, compared with version 41 that we employ). The older composite displays a steeper rise in irradiance into cycle 23 than the newer versions. This is mainly due to an underestimation of the sensitivity increase of DIARAD/VIRGO in the earlier versions (before 6) and explains the positive trend of the older versions since the start of VIRGO on SoHO. Thus the PMOD composites based on VIRGO versions 6 an higher would probably be closer to their reconstruction.
TSI reconstructions based on NSO-512 data
Model based on NSO-512 data
Since we were only able to identify whole sunspots in the NSO-512 continuum intensity images, we need to make some assumption regarding the umbra/penumbra area ratio. From the umbra to total spot area ratio evaluated using the NSO-SPM data we obtained an average ratio of umbral to total sunspot area, r u = A u /A s of 0.2 (Wenzler et al., in preparation) .
As a next step we have calculated and compared the TSI reconstructions based on the analysed NSO-SPM data using the real umbra/penumbra area ratio (Sect. 4.2) and using the constant value of r u = 0.2 following Eq. (7). In Fig. 13 the reconstructed TSI based on NSO-SPM data using r u = 0.2 is plotted against the irradiance reconstructed using time dependent ratios, r u (t). The correlation coefficient between the two models is r c = 0.997. Therefore we can now calculate the TSI based on NSO-512 data as follows:
where r u = A u /A s = 0.2.
Results for cycles 21 and 22
The reconstructed TSI based on NSO-512 data using the standard correction factor for the magnetograms of 1.46 for 1734 days between August 1974 and May 1992 is plotted in the top panel of Fig. 14 (filled circles) . The solid curve represents the PMOD composite record of total solar irradiance (version 41, Fröhlich 2006) since 1978 November 16. The two middle and two lower panels display extracts on an enlarged scale at different phases of the solar cycles 21 and 22, respectively. The enlargements I and IV reveal that the short-term variations of the total solar irradiance are well reproduced in both maxima of the solar cycles 21 and 22. Enlargements II and III show, however, that the agreement is not so optimal at all times. In both these enlargements the reconstructed TSI values generally lie too low compared with the measurements. The correlation coefficient between the reconstructed TSI values and the measured irradiance (PMOD composite) is r c = 0.88.
TSI reconstructions in cycles 21, 22 and 23
In this section we compare the TSI reconstructed over the whole period over which NSO/KP data are available with the PMOD TSI composite record described in Sect. 2.4. First, in Sect. 6.1, we compare the reconstructed variations of the total solar irradiance based on the original NSO-SPM magnetograms and on the NSO-512 magnetograms, which were multiplied by the official conversion factor of 1/1.46 (henceforth referred to as the standard corrections to magnetograms; see Sect. 3 for details) with the PMOD composite. Then, in Sect. 6.2, we optimise the reconstructions to the PMOD irradiance composite by allowing the conversion factor between the NSO-SPM and NSO-512 data to vary between 1.38 and 1.63, i.e. the range found from our analysis. Note that a single B sat value is in all cases determined for the full period of time that KP data are available, i.e. between 1978 November 16 and 2003 September 21, such that the model best reproduces the full considered TSI composite.
Standard reconstruction: Comparison with PMOD composite
We now compare the results of the TSI reconstructions based on NSO-SPM and standard corrected NSO-512 magnetograms with the PMOD composite record of Fröhlich (2006) . In (Fig. 16 ). The solid line in Fig. 16 represents the expectation value for a perfect model fit and the almost overlapping dashed line represents the linear regression to the dots which represent daily values.
The relatively large scatter is partly due to the decreased quality of the reconstructions in the earlier period, i.e. the noticeably lower quality of the NSO-512 data, but also gets some contribution from the lower stability of earlier TSI measurements. In the bottom panel of Fig. 15 we plot the difference between the reconstructed total solar irradiance and the PMOD composite measurements. The dots are daily values and the thick dashed line is a regression. The NSO-512 values (1978 NSO-512 values ( -1992 are scattered much more around the regression line than those based on the NSO-SPM data (1992 -2003 . The increased scatter during the maximum of cycles 21 and 22 relative to cycle 23 is evident. In addition, the general trend with time suggests a slightly different trend in the reconstruction than in the data. The reconstructed TSI values are somewhat higher than the PMOD measurements at earlier times. The trend is present mainly in the maxima, while model and measurements agree relatively well during the 2 minima. This suggests that the trend seen in the lower panel of Fig. 15 is due to the remaining uncertainty in the correction factor by which we divide the NSO-512 magnetograms and its non-linearity as seen in Fig. 6 and discussed in Sect. 3 (see also Sect. 6.2 for further details). The correlation coefficients between the reconstructed and measured irradiance (PMOD composite measurements) during the NSO-512 time period (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) , the NSO-SPM time period (1992-2003) and the whole period over which KP and composite data are available (1978-2003) as well as the slopes and χ 2 of the linear regressions (see Fig. 16 for the whole period of time) are listed under "Standard Reconstructions" in Table 3 . We find that the correlation coefficient, r c , is lower for the NSO-512 time period than for the NSO-SPM period, which is no surprise taking into account the lower quality of the NSO-512 data. This has the effect of diminishing r c for the whole considered period of time. Note that we use the same value of the free parameter B sat for the whole period (see Table 3 under Standard Reconstructions). Note that B sat was chosen to maximize the correspondence with the whole TSI composite. Slightly different choices lead to improved correspondence over the considered subintervals, e.g.: 1978-1992 (B sat = 350 G, r c = 0.88, slope = 1.001 ± 0.015, χ 2 = 0.106).
TSI reconstruction with optimized factor between NSO-512 and NSO-SPM
In this section we have repeated the analysis described in Sect. 6.1, but now allowing the conversion factor between the NSO-SPM and NSO-512 data, i.e. the factor by which the NSO-512 B LOS values have to be divided in order to make them compatible with NSO-SPM values, to vary within its range of uncertainty, i.e. between 1.38 and 1.63. Thus we have introduced another, although restricted free parameter to our SATIRE model in order to optimise the reconstructions to the PMOD composite. Note that both free parameters, the conversion factor and the B sat value, are fixed for the whole period for which TSI is reconstructed.
To best reproduce the PMOD composite irradiance time series (i.e. achieve the highest r c and lowest χ 2 ), we need a slightly higher conversion factor of 1.6 compared with the official factor of 1.46 (see column 2 of Table 3 ). Figure 17 shows the difference between the reconstructed total solar irradiance with optimized conversion factor and the PMOD TSI composite. In the comparison the regression line is very close to 0 for the whole period. In Fig. 18 we have plotted the reconstructed value based on corrected NSO-512 (factor 1.6) and NSO-SPM data against the measured irradiance for the full period of time for which both the TSI and the KP data are available. The resulting correlation coefficient is r c = 0.91.
Conclusions
We have extended the SATIRE (Spectral And Total Irradiance REconstructions) model back to the year 1974 using NSO/KPVT 512-channel Diode Array Magnetograph data. We have first compared these magnetograms and the corresponding continuum images with those obtained by the NSO/KPVT spectromagnetograph (SPM), in order to intercalibrate the magnetograms from the two instruments, needed before the NSO-512 data can be used to reconstruct total solar irradiance variations.
We find that a constant factor describes only approximately the complex relationship between the NSO-512 and NSO-SPM magnetograms. Such a factor depends on the magnetogram signal and µ value (Fig. 12) . Depending on the exact technique used to compare the magnetograms from the two instruments we obtain average factors ranging between 1.38 and 1.63. The older NSO-512 data also exhibit artifacts and systematic errors whose correction was started recently (Arge et al. 2002) and is still in progress (J. W. Harvey and H. P. Jones, priv. comm.) . We have shown that a single correction factor serves as a reasonable first approximation. We apply these corrections and the same magnetic threshold for the noise level prior to carrying out the reconstructions.
We have compared the TSI reconstructed between 1974 and 2003 with the PMOD composite of measured TSI. We find that our model, based on the assumption that the solar irradiance changes are entirely caused by the evolution of the solar surface magnetic fields, simultaneously reproduces the irradiance in all three cycles 21-23 as represented by the PMOD composite. The correlation coefficient between data and model for the whole period of time is r c = 0.89 if we use the "official" NSO-512/NSO-SPM conversion factor of 1.46. This implies that for this conversion factor a fraction of r 2 c = 0.79 of the TSI variations over the last three solar cycles is due to the magnetic field at the solar surface. Yet better agreement (r c = 0.91, r 2 c = 0.83) is achieved if we employ a conversion factor of 1.6, which is well within the allowed range (1.38-1.63). The true fraction is expected to be higher because, e.g., the imperfect employed model atmospheres degrade the quality of the reconstruction. Furthermore, the employed magnetograms contain noise and instrumental artifacts which lower the quality of the reconstruction. The importance of this point is underlined by the fact that the correlation coefficient obtained from the reconstruction employing the better SPM data is 0.94, while is only 0.88 when using the NSO-512 data (with space-based MDI data the correlation coefficient is even higher, 0.96). A final reason why the model underestimates the magnetic contribution to TSI variations lies in the lower quality of earlier TSI measurements and the uncertainty in producing a composite from TSI data recorded by different instruments.
Improvements to the reconstructions can be achieved using magnetograms with higher sensitivity, such as those now being provided by the Synoptic Optical Long-term Investigations of the Sun (SOLIS) instrument at Kitt Peak (Harvey et al. 2003 (Harvey et al. , 2004 . These magnetograms also show the weaker fields (weaker network and internetwork fields) not visible in the NSO-512 and NSO-SPM data. The advantages are particularly evident near the limb since the magnetograms used here missed even some of the stronger network elements close to the limb. These fields are nearly vertically oriented, so that only very sensitive lineof-sight magnetograms see them above the noise. SOLIS has the additional advantage that it measures vector magnetic fields, which also helps to detect the nearly vertical fields near the limb, as well as nearly horizontal fields at disk centre.
Finally, we find that the levels of the reconstructed irradiance during the three minima ahead of the solar cycles 21-23 are very similar. The similarity of the latter two has been reported by Fröhlich (2003a) , but the minimum before cycle 21 occured prior to the start of TSI measurements, so that this is a new result obtained from the reconstructions.
